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Abstract 
Planar waveguides can transform a conventional neutron beam into a very narrow but slightly divergent microbeam. Such 
microbeams could be used for the investigation of nanostructures with a high spatial resolution. We have investigated the 
tri-layer magnetic structure Fe/Co/Fe which transforms an unpolarized incident beam into a polarized microbeam. The 
polarized neutron reflectometer NREX with a horizontal sample plane was used for the waveguide characterization. Some 
practical aspects of microbeam extraction and polarization are discussed. 
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1. Introduction 
Progress in nanotechnology requires new methods for nanostructures characterization. Neutron scattering is 
a powerful tool for the investigation of biological objects, polymers and magnetism. But information about the 
structures is averaged over the beam size. This is why focusing devices (bent crystals, zone plates, compound 
refractive lenses, etc.) are developed [1]. But physical properties of materials and technology do not allow to 
obtain focused beams smaller than 50 μm. 
Potential more effective devices are planar waveguides. It consists of a tri-layer system which transforms a 
conventional beam into a very narrow (0.1-10 μm) but slightly divergent (0.1°) microbeam. The unpolarized 
neutron microbeam production was demonstrated in [2]. The production of polarized neutron microbeam was 
demonstrated in [3] using magnetic waveguides. The combination of a nonmagnetic waveguide and a 
polarized neutron reflectometer was demonstrated in [4] for producing polarized microbeams. 
The idea of using waveguides for investigating nanostructures was successfully realized for X-rays about 
10 years ago [5]. But for neutrons, it is not so easy. Planar waveguides (termed as resonant beam coupler) for 
neutrons have been known about 10 years [2] and other types of waveguide (prism-like coupler) were 
investigated even earlier [6,7]. However, waveguides have been used for practical applications only recently 
[8]. A polarized neutron microbeam of width 2.6 μm was used for the investigation of the magnetic microwire 
of 190 μm in diameter and a 10 μm diameter internal magnetic structure. The scanned magnetic map of the 
wire was obtained by spin-resolved transmission of the microbeam. The combination of a nonmagnetic 
waveguide and a polarized neutron reflectometer with a vertical sample surface was used. 
The difficulties of neutron focusing are related to the properties of neutron beams. Synchrotron sources 
produce a collimated beam of high intensity and X-rays strongly interact with matter. That is why X-rays can 
easily be focused. On the other hand, neutron sources produce a very divergent beam of low intensity and also 
neutrons interact only weakly with matter. It is thus difficult to focus neutrons without enormous losses of 
intensity. Nevertheless, developments of polarized neutron microbeams can be very useful for the 
investigation of magnetic structures and this tool can complement X-rays. 
In our communication, we report the results of the characterization of a magnetic waveguide which 
transforms an unpolarized macrobeam into a polarized neutron microbeam. We discuss some practical 
features of microbeam extraction and polarization.    
2. Principle of planar waveguides 
The microwave guiding idea is shown schematically in Fig. 1. The collimated neutron macrobeam of 
intensity I0 enters a waveguide (WG) surface with an incident angle i. Part of the neutron beam tunnels 
through the upper layer into the guiding layer of thickness d, is reflected from the lower layer and is guided 
over a distance of several millimeters in the guiding layer. A part of the neutron beam is tunneled back 
through the upper layer and goes out from a waveguide in the direction of specular reflection f. Inside the 
guiding layer, the neutron wave function density | |2 is enhanced resonantly for some angles in. Eventually a 
microbeam of intensity I leaves from the edge of the guiding layer under the conditions of Fraunhofer 
diffraction through a narrow slit of width d. For a neutron wavelength , the angular divergence of the 
microbeam is defined as f ~ d/ . The tail from the reflected beam contributes to a background in the 
microbeam. To suppress this background, an absorbing piece of Gallium Gadolinium Garnet (GGG) crystal, 
borated aluminium (boral) or powder Gd2O3 on a waveguide surface may be used. The produced microbeam 
can then be applied for the investigation of a micrometric object in a transmission geometry. As the 
microbeam is divergent, the object must be placed close to the waveguide exit to keep a minimal width of the 
microbeam at the sample position.  
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Fig. 1. Scheme of microbeam production. The collimated incident macrobeam I0 enters the waveguide (WG) surface, 
tunnels into the guiding layer of thickness d where the neutron wave function is resonantly enhanced and is channeled 
over several millimeters along the x direction. Then the divergent microbeam leaves the guiding layer and is transmitted 
through the investigated microstructure (Object). An absorber (GGG crystal, borated aluminium or powder Gd2O3) on the 
waveguide surface near the exit edge blocks the reflected beam to suppress the background.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Neutron optical potential for spin up (black line) and spin down (red line). Neutron wave function density as a 
function of the coordinate z perpendicular to the waveguide surface and the initial angle i for spin up (b) and spin down 
(c). (d) Neutron wave function density integrated over the coordinate z inside the guiding layer as a function of the initial 
angle i for spin up (black line) and spin down (red line). (e) The polarization degree of the microbeam calculated from 
the wavefunction density as a function of the initial angle i. 
-300 -200 -100 0 100
0.30
0.35
0.40
0.45
0
20
40
Intensity
UP 
i (
de
g.
) 
i (
de
g.
) 
1 
0 
2 
3 
z, nm
-300 -200 -100 0 100
0
0.2
0.4
0
10
20
30
40
50
Intensity
DO 
3 
2 
-200 -150 -100 -50 0 50
z, nm
-100
0
100
200
300
400
op
tic
al
po
te
nt
ia
l,
ne
V Fe(up)
Co(up)
Si
Fe(up)
Fe(do) Fe(do)
Co(do)
 
0.3 0.35 0.4 0.45
i (deg.)
0
1
2
3
(a
.u
.)
0.3 0.35 0.4 0.45
i (deg.)
-1
-0.5
0
0.5
1
Po
la
riz
at
io
n
up
do
0
1
2
0 1 2
 
(a)  
(b)  
(c)  
(d)  
(e)  
i f
d I
I0
substrate 
reflected 
direct beam
z 
Object x 
f
WG 
absorber 
 Sergey Kozhevnikov et al. /  Physics Procedia  42 ( 2013 )  80 – 88 83
 
Here we show some preliminary calculations for the investigated waveguide structure 
Fe(20nm)/Co(150)/Fe(50)//Si(substrate). The optical potential of this structure for neutrons has a well- 
type  shape (Fig. 2a). The potential inside the guiding Co layer is positive for spin up and negative for spin 
down. The calculation of the wavefunction density inside the guide as a function of the initial angle i and the 
coordinate z perpendicular to the waveguide surface are shown in Fig. 2b,c. The calculations were made with 
the program SimulReflec [9]. One can see (Fig. 2b) that the wave function density for spin up has maxima 
corresponding to the resonance n=0, 1, 2, 3, ... But for spin down (Fig. 2c), the resonances start from the 
higher orders n=2, 3, ... The wavefunction density is enhanced up to 50 times. The theory of the resonances in 
layered structure can be found in [10]. The angular positions of the resonances for spin up are shifted with 
respect to spin down. This fact can be used to produce a polarized microbeam from the unpolarized 
macrobeam. In Fig. 2d, the wave function density integrated over the coordinate z inside the guiding layer is 
shown as a function of the initial angle i for spin up (black line) and for spin down (red line). One can see 
that in this interval of angles, the resonances exist only for spin up and are absent for spin down. The 
corresponding calculated polarization of the microbeam is shown in Fig. 2e. The polarization at the resonance 
positions is close to 1.                     
3. Experimental results 
The measurements were done on the polarized neutron reflectometer NREX (reactor FRM II, Garching, 
Germany) with a horizontal sample plane. A fixed neutron wavelength of 4.26 Å was used (1.5 % wavelength 
resolution) and the incident angular divergence was 0.006°. The polarizing efficiency of the single 
supermirror polarizer in transmission mode was 98 % and the analyzer was not used. The efficiency of the 
Mezei spin-flipper was 100 %. A 3He two-dimensional position sensitive detector (PSD) with a 3 mm spatial 
resolution was used. The distance between the slit after the monochromator and the waveguide was 2400 mm 
and the distance 'waveguide-detector' was 2500 mm. A magnetic field of 1000 Oe was applied in the 
waveguide plane to saturate the magnetic layers. The waveguide surface was 25×25 mm2. The thickness of 
the Si substrate was 1 mm. 
The experimental reflectivities R+ (closed symbols) and R- (open symbols) are shown in Fig. 3 as a 
function of the incidence angle i. The line is fitted by the program SimulReflec. The fitted structure is 
FeO(5.4nm)/Fe(14.7)/Co(166)/Fe(49.4)//Si(substrate). The nuclear potential of the FeO layer was fitted as 
161 neV. One can see that the critical angle for spin up is high (0.47°). The critical angle for spin down is 
very low (0.20°). This means that in the region of the resonance n=0 (0.35°) there is total reflection for spin 
up and there is mostly transmission for spin down. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Reflectivity of the waveguide  as a function of the incidence angle i. 
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Fig. 4. Two-dimensional intensity maps I ( i, f) with a boral absorber for spin up (a) and spin down (b). The microbeam 
intensity as a function of the incidence angles i (not corrected on experimental off-set) integrated over the different 
interval of the final angles: (c) wide interval f= 0.5° and with a boral absorber on the waveguide surface; (d) narrow 
interval f=0.1° and without any absorber on the waveguide surface. 
Two dimensional maps I ( i, f) with a boral absorber are shown in Fig. 4a for spin up and Fig. 4b for spin 
down. The upper diagonal is the specularly reflected beam and the bottom diagonal is the transmitted and 
direct beam (red line). For spin up state, around the horizon f = 0°, the microbeams marked by indices 0, 1 
and 2 (Fig. 4a) can be observed. For the resonance n = 0, one can see one spot with an intensity maximum 
around the horizon. For the other resonances, the spots corresponding to the microbeam intensity are seen 
close to the diagonals of reflected and direct beams. This fact is the consequence of the neutron wave function 
density distribution on z coordinate inside the guiding layer (Fig. 2b) and Fraunhofer diffraction conditions. 
One can see that for spin down (Fig. 4b) there is no microbeam intensity around the horizon. For spin up 
neutrons (Fig. 4a), the specular reflection is strong and the transmission is weak. But for spin down (Fig. 4b), 
the specular reflection is weak and transmission is strong. 
As it is known from our previous investigations, the microbeam intensity is about 1 % of the specularly 
reflected beam. The background in the region of the microbeam originates from the reflected beam (main 
part) and from the direct/transmitted beams tails. For a wide interval of final angles integration f=0.5°, the 
background consists of about 50 % from the peak maximum at the resonance n=0. For a narrow interval of 
final angles around the horizon f=0.1°, the background consists of about 30 % of the signal. For the 
resonances of higher orders (n=1, 2, 3, ...) the angular direction of the microbeam is close to the reflected and 
transmitted beams. In this case, the background may be even higher than the microbeam intensity. It is 
difficult to see these resonances without background suppression. For the purpose of background suppression, 
we used an absorbing bar of borated aluminium sitting on the waveguides surface close to the exit edge of the 
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waveguide (Fig. 1). The sizes of the absorbing bar was 1 (along the beam direction) × 1 (height) × 35 mm3. 
This bar was prepared by electro polishing method but some twisting effects gave an air gap of about 10 μm 
between the bar and the waveguide surface. This bar does not reduce the microbeam intensity (if it is placed 
exact near the waveguide exit) and transmits only 10 % of the specularly reflected beam. In this case the 
background is low enough to see the higher order resonances (Figs. 4a,c). 
In Fig. 4c the microbeam intensity integrated over a wide interval f=0.5° around the horizon (see dashed 
lines in Fig. 4a,b) is shown as a function of the incidence angle i for spin up (closed symbols) and spin down 
(open symbols). The borated aluminium bar was placed on the waveguide surface. One can see that the 
maximum of the peak of the resonance n=0 is partially cut. It is seen in Figs. 4a and 4b that the intensity is 
reduced in the interval i=0.26°÷0.37°. We think this is due to some misalignment or displacement of the 
absorbing bar on the surface. But it does not matter for qualitative conclusion about the waveguide properties. 
In Fig. 4c, the spin up signal maximum for the resonance n=0 is equal to 1.2 n/s. For spin down, there is no 
resonance. The intensity level is about 0.4 n/s which we consider as the background.    
In Fig. 4d, the microbeam intensity for the resonance n=0 is shown for the case without any absorber on 
the waveguide surface. The narrow interval of the final angles f=0.1° near horizon was used for the 
intensity integration. One can note that there is no resonance for spin down and the background represents 30 
% of the signal. The polarization degree of the microbeam for the resonance n=0 in Figs. 4c and 4d is 50% if 
we use the level of background as the intensity of spin down.  
Thus, from the experimental results we can conclude that the waveguides Fe/Co/Fe demonstrate the 
presence of microbeams for spin up state and absence of it for spin down state. It means a potentially high 
polarizing efficiency of this waveguide. Further developments are considered for the suppression of 
background. This is discussed in the next section. 
4. Background suppression 
The strategy of background suppression depends on different factors: the type of waveguide (polarizing or 
not), geometry of the reflectometer (horizontal or vertical sample plane) and the investigated object (required 
spatial resolution which defines a microbeam size). In the case of Fe/Co/Fe polarizing waveguides, there are 
three main beams contributing to background: the direct beam passing above and below the waveguide 
surface, the specularly reflected beam and the spin down macrobeam transmitted through the film surface. 
The direct beam below the surface can be blocked by an absorbing Cd plate 3 mm (width) × 1 mm (thickness) 
as shown in Fig. 5a. The transmitted spin-down beam can be absorbed by an absorbing GGG crystal substrate 
instead of a transparent Si substrate. The way of masking the reflected beam and the direct beam above the 
surface depends on the reflectometer geometry (vertical or horizontal sample). 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The possible schemes of background suppression for a polarizing waveguide: (a) using a neutron absorbing GGG 
substrate and (b) for a substrate transparent to neutrons. 
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on the waveguide surface at the exit edge can be used. In this case there is no air gap between the powder and 
the film. The reflected beam is blocked almost totally and the microbeam is not reduced. This method was 
used for the direct determination of the channeling length [11] which is the distance over which the neutron 
wave function density decays. 
For a vertical film surface geometry, we used a sharp GGG crystal translated by micrometre from the side 
of the surface (Fig. 5a) for a nonmagnetic waveguide [8]. The combination of the Cd plate in the front edge 
and the movable GGG blade can suppress the background down to 10 % of the microbeam intensity. 
If a transparent substrate is used like Si for our Fe/Co/Fe waveguide, then a Cd plate or a GGG blade from 
the side of the substrate can be used to block the transmitted beam (Fig. 5b). But the practical realization is 
difficult. The required distance between the waveguide and the investigated object may be too short to insert 
the blade and translation device. If a Cd plate is used, it is difficult to block a transmitted beam of 0.1 mm 
width while not cutting the microbeam. 
5. Microbeam polarization handling 
Let us now discuss the way of manipulating the microbeam neutron spin. As the polarizing waveguide 
must be close to the investigated object, there is no space for conventional macroscopic spin-flipper which 
requires several centimetres. A magnetized waveguide always produces a microbeam with its spin parallel to 
the magnetization direction.  If the magnetization M is parallel to the applied external magnetic field H (Fig. 
6a), the microbeam will be polarized up with respect to the external field. If the magnetization of the 
waveguide is antiparallel to the external field direction (Fig. 6b), the microbeam will be polarized down with 
respect to the external magnetic field. 
For the operation of the proposed waveguide in a real experiment, the field applied on the waveguide 
structure must be decoupled from the field applied on the sample. The possible technical solution is to install 
the waveguide structure in a closed switching magnetic circuit to saturate the waveguide with a large field (1-
2 kGs). This circuit might be placed in a small μ-metal box to reduce the stray fields (Fig. 7). This whole 
assembly shall be installed in larger magnetic coils so that it is possible to vary the field applied on the 
sample. This external field should remain lower than the field of the closed circuit so as to prevent a flip of the 
waveguide magnetization. 
The proposed polarizing waveguide can be used for unpolarized incident beam without the first spin-
flipper before the waveguide. If there are a polarizer and the first spin-flipper, the best solution is the 
combination of a nonmagnetic waveguide and a polarized incident beam [4,8]. In this configuration, the 
applied magnetic field does not affect the nonmagnetic waveguide and spin direction of the produced 
microbeam corresponds to spin direction of the incident neutron beam.       
 
 
 
 
 
 
 
 
 
Fig. 6. The way of producing the polarized microbeam and its spin flipping: (a) spin up and (b) spin down. 
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Fig. 7. Waveguide sample (typically 5mm wide) in a closed magnetic circuit set in a μ-metal box. External coils allow 
varying the magnetic field applied on the sample without affecting the waveguide magnetization. 
 
6. Conclusions 
A polarizing planar waveguide Fe/Co/Fe has been investigated using a polarized neutron reflectometer 
with a horizontal film plane and monochromatic neutron wavelength. The proof-of-principle experiment was 
carried out. It was demonstrated that at a fixed incidence angle the produced microbeam exists only for spin 
up incident beam and is absent for spin down. It proves that this waveguide can transform the unpolarized 
incident neutron beam into a polarized microbeam. The method of flipping the spin of the microbeam was 
discussed. The idea is that this waveguide can produce a polarized microbeam with spin up or down by 
switching the direction of its magnetization with respect to an external magnetic field. Fe/Co/Fe waveguide 
can potentially be applied for the investigation of one-dimensional magnetic microstructures (microwires, 
stripe domains, lithographic grating and magnetic vortices) without any polarizer and first spin-flipper. 
Practical realization of this waveguide application depends on background suppression and on the technical 
realization of the magnetization switching.    
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